JHK s magnitudes corrected to mean intensity are estimated for LMC type II Cepheids in the OGLE-III survey. Period-luminosity (PL) relations are derived in JHK s as well as in a reddening-free V I parameter. Within the uncertainties the BL Her stars (P < 4 d) and the W Vir stars (P = 4 to 20 d) are co-linear in these PL relations. The slopes of the infrared relations agree with those found previously for type II Cepheids in globular clusters within the uncertainties. Using the pulsation parallaxes of V553 Cen and SW Tau the data lead to an LMC modulus uncorrected for any metallicity effects of 18.46 ± 0.10 mag. The type II Cepheids in the second-parameter globular cluster, NGC 6441, show a PL(V I) relation of the same slope as that in the LMC and this leads to a cluster distance modulus of 15.46±0.11 mag, confirming the hypothesis that the RR Lyrae variables in this cluster are overluminous for their metallicity. It is suggested that the Galactic variable κ Pav is a member of the peculiar W Vir class found by the OGLE-III group in the LMC. Low-resolution spectra of OGLE-III type II Cepheids with P > 20 d (RV Tau stars) show that a high proportion have TiO bands; only one has been found showing C 2 . The LMC RV Tau stars, as a group, are not co-linear with the shorter-period type II Cepheids in the infrared PL relations in marked contrast to such stars in globular clusters. Other differences between LMC, globular cluster and Galactic field type II Cepheids are noted in period distribution and infrared colours.
INTRODUCTION
Type II Cepheids (CephIIs) have periods in the same range as classical Cepheids but are lower-mass stars belonging to disc and halo populations. They are conventionally divided into three period groups; BL Her stars (BL) at short periods, W Vir stars (WV) at intermediate periods, and RV Tau stars (RV) at the longest periods. The period divisions tend to be somewhat arbitrary. In a recent paper to which considerable reference will be made, Soszyński et al. (2008, hereafter S08) adopt divisions at 4 and 20 d, and we follow these thresholds here. The RV stars tend to show alternating deep and shallow minima (and this is often taken as a defining characteristic), but the single period of the RVs will be used in this paper as in S08. In addition to the BL, WV, and RV stars, S08 define an ad-⋆ An e-mail address and the current address of NM are as follows: matsunaga@ioa.s.u-tokyo.ac.jp, Institute of Astronomy, University of Tokyo, 2-21-1 Osawa, Mitaka, Tokyo 181-0015, Japan ditional class of peculiar W Vir (pW) stars which will be discussed below.
Most workers have accepted the evolutionary scheme elaborated by Gingold (1976 Gingold ( , 1985 . In this the BL stars are evolving from the (blue) horizontal branch towards the lower asymptotic giant branch (AGB). The WV stars are on loops to the blue from the AGB and the RV stars are moving to the blue in a post-AGB phase. Matsunaga et al. (2006, hereafter M06) showed that the CephIIs in globular clusters defined narrow period-luminosity (PL) relations in the near-infrared bands, JHKs, with little evidence for a metallicity effect in these relations. This suggests that these stars may be useful distance indicators for disc and halo populations. Pulsation parallaxes of Galactic CephIIs were used by Feast et al. (2008, hereafter F08) to calibrate these cluster PL relations and to discuss the distances of the LMC and the Galactic centre.
The present paper discusses the CephIIs in the LMC based on the recent optical OGLE-III survey (S08) and the results of the near-infrared survey with the Infrared Survey Facility (IRSF). The CephIIs in the second-parameter cluster NGC 6441 and those around the Galactic centre are also discussed as well as the nature of the CephII variable κ Pav.
INFRARED PHOTOMETRY
S08 catalogued 197 CephII variables in the LMC. We searched for near-infrared counterparts in the IRSF catalogue (Kato et al. 2007 ). This is a point-source catalogue in JHKs of 40 deg 2 of the LMC, 11 deg 2 of the SMC, and 4 deg 2 of the Magellanic Bridge. The catalogue is based on simultaneous images in JHKs obtained with the 1.4-m IRSF telescope and the Simultaneous 3-colour Infrared Imager for Unbiased Survey (SIRIUS) based at the South African Astronomical Observatory (SAAO), Sutherland. The 10 σ limiting magnitudes of the survey are 18.8, 17.8 and 16.6 mag J, H, and Ks. The catalogue reaches fainter and has higher resolution than the point-source catalogue of the 2 Micron All Sky Survey (2MASS, Skrutskie et al. 2006) in the region of the Magellanic Clouds.
We found matches for 188 S08 CephII sources with a tolerance of 0.5 arcsec. The differences in coordinate are small between the catalogues with a standard deviation of less than 0.1 arcsec in both Right Ascension and Declination. Among nine sources without IRSF counterparts, seven (1) (2) (3) (194) (195) (196) (197) are located outside of the IRSF survey field. There are no counterparts around the two BL stars (69 and 123) probably because they are too faint. These variables actually have the shortest periods among our sample. On the other hand, we found two IRSF counterparts for 15 S08 sources: these IRSF counterparts were detected in neighbouring fields of the IRSF survey as listed in Table 1. IRSF magnitudes in all three bands are not available for nine BLs and one pW. In most of the cases, Ks-band magnitudes are missing because of the faintness of the short-period BLs. H-band magnitudes are unavailable for No. 40 (pW) and 144 (BL); the reason for this is unclear.
Since S08 give the periods and dates of maximum light in I (= phase zero), we can derive the phases (between zero and one) of the single JHKs observations. Using the I-band light curves we obtain the value of I at that phase and its difference from the intensity mean value, I . Assuming that the light curves in JHKs are similar to those in I, we obtain an estimate of the mean (phasecorrected) magnitude in each infrared band.
In order to check the validity of the above assumption, we use the S08 sources with two IRSF counterparts. There are 15 such sources (2 RV, 7 WV, 6 BL). We list the dates, phases, and observed magnitudes from the two IRSF measurements in Table 1. For each phase at which the IRSF survey was conducted, we also estimate a predicted I-band magnitude by taking a mean of the Iband measurements which were made within ±0.05 of the phase of the IRSF survey. Variations between two IRSF measurements (∆J, ∆H, ∆Ks) have the same signs as the difference between the predicted I-band magnitudes (∆I) for each object. Fig. 1 plots the variations of the IRSF measurements against ∆I. This clearly shows the variations in JHKs reasonably agree with those in I, except for the ∆Ks values for BLs (crosses) which have large error bars. That is, these observations are consistent with the assumption that the JHKs light curves are, to a first approximation, similar to those at I and have about the same amplitude.
Light curves of RV stars often have a large scatter, and it is difficult to make satisfactory phase corrections. We selected eight RVs which have good light curves, i.e. 5, 58, 104, 115, 125, 135, 169, and 192 , and use these light curves to make phase corrections.
For pW, we do not try to correct the phase effect, and they are not included in the following discussions of the PL relation.
We here present a catalogue of the S08 sources with the IRSF counterparts in Table 2 , where the JHKs values are those listed in the IRSF catalogue (Kato et al. 2007 ). The indicated errors, EJ , EH, and EK, are taken from their catalogue. The quantity δ φ is the correction which must be added to the I magnitude at the epoch of the IRSF observation to correct it to the intensity mean magnitude and is the value we adopt to correct the infrared magnitudes to means. Note that we list those with two IRSF counterparts in neighbouring fields twice.
PERIOD-LUMINOSITY RELATIONS

General and Optical Relations
In this section we discuss the optical PL relations using the data in S08. Based on notes given by S08 the following stars were omitted in all solutions, optical and infrared; 88, 153, 166, 185 (blends); 21, 23, 52, 77, 84, 93, 98 (eclipsing) , 50 (too blue), 108 (low amplitude), 113 (scatter in light curve), 51 (variable amplitude), and 150 (variable mean magnitude).
The general features of CephII optical period-luminosity diagrams are well shown in fig. 1 of S08. The plots of V and I against log P show considerable scatter and clear non-linearity. Introduction of a colour term [W = I −R(V −I)] with R = 1.55 produces a rather narrow and nearly linear PL(W ) relation for the BL and WV stars although there is still scatter amongst the RVs.
S08 recognize a class of peculiar W Vir (pW) stars. These have distinctive light curves and a high proportion are binaries. Many of these lie above (brighter than) the normal WV stars in the various PL plots. In the solutions below all the pW stars are omitted. There are also a few stars in the BL period range which in the PL(W ) plot lie brighter than the bulk of the BL stars and in the region occupied by anomalous Cepheids. We have chosen to omit these stars (107, 114, 142, 153, 166) in our work.
If the value of R is correctly chosen, W is a reddening-free parameter. Udalski et al. (1999) found R = 1.55 as appropriate to the OGLE-II photometry from the results of Schlegel, Finkbeiner, & Davis (1998) . On the other hand, a value of R = 1.45 has frequently been used (e.g. Freedman et al. 2001; van Leeuwen et al. 2007 ). This latter value is based on the extinction law of Cardelli, Clayton, & Mathis (1989) . We give below results based on both values of R. In work with very heavily reddened stars the exact value of R may become important.
For 55 BL stars we find:
and
For 76 WV stars we find:
+14.431(±0.019), (σ = 0.105). The slopes and (effective) zero-points do not differ significantly between the solutions for BL and WV, so that we give solutions for BL+WV stars:
These relations are narrow (σ ∼ 0.1) as expected from fig. 1 of S08.
Use of the PL(W ) relation brings stars that lie below the bulk of the CephIIs in the log P -V (and I) diagrams and are redder than the bulk of the CephIIs PL into agreement with the others as expected for reddening-free relations. In addition we can expect that, as with classical Cepheids, CephIIs occupy an instability strip of finite width in temperature (i.e. colour). Thus a PL relation has a finite scatter and a colour term is needed to reduce this. In the case of the classical Cepheids the coefficient of the required colour term is about 1.45 (Udalski et al. 1999 , van Leeuwen et al. 2007 ) so that W corrects in that case for both reddening and strip width. As a first approximation we might expect the same value of R to apply in the case of the CephIIs. One can test this by looking at the residual from the PL(W ) relation of the bluest stars, since it seems unreasonable to assume that the bulk of the BL stars which scatter around (V − I) ∼ 0.7, are heavily reddened by interstellar extinction. There are eight BL bluer than (V − I) = 0.5 which were not discarded for any of the reasons given above (stars 6, 20, 41, 71, 89, 102, 136, and 145) . Their residuals from the above equation for W2 are 0.000, +0.084, −0.029, −0.145, +0.100, −0.081, +0.305, and −0.066, respectively, giving a mean of +0.021 ± 0.050 or −0.020 ± 0.033 if No. 136 is omitted. The residual for 136 is rather large and this is the bluest star in the sample. It seems possible that this might be a blend or a binary like some of the rejected stars, but this is not certain.
Taking the above results together with the colour-magnitude diagram of S08 (their fig. 2 ) strongly suggests that the BL stars occupy an instability strip with a width of ∼ 0.4 mag in V − I. The exact limits to the strip are not clearly defined. However it is important for the zero-point calibration discussed in section 4 that for an intrinsic width of this order the PL(W ) relation remains narrow, indicating that in this case (as for classical Cepheid) the relation corrects well for both reddening and intrinsic colour variation. Fig. 2 of S08 also suggests that, if the pW stars are omitted, most of the WVs occupy a narrower instability strip than the BLs, though it is uncertain whether or not the colours of some of the redder WVs are due to interstellar reddening or are intrinsic. Fig. 2 plots the phase-corrected JHKs magnitudes against log P for the LMC CephIIs. Note that only a few of the RVs have phase corrections applied. In the present section we give infrared PL relations for the BL and WV stars using the phase-corrected data. It Ks,2 = −2.503(±0.109)(log P − 1.2) + 14.638(±0.029).
Infrared PL relations
(σ = 0.17, 82 stars) (12) The greater scatter for the BL stars compared with the WVs is at least partly due to the poorer photometry for the fainter (BL) stars, especially at the longer wavelengths. Given the uncertainties in the slopes, there is no evidence for difference between the BL and WV stars and the following are joint solutions: instance, the slope in eq. (15) is shallower by 1.9 σ compared with the cluster value. The LMC result is sensitive to whether we reject or retain some of the fainter BL stars. In the shortest period range the detection limit of the IRSF survey can introduce a bias in the PL diagram. In fact, all the stars with the IRSF Ks missing are BL stars with P shorter than 1.5 d. The slope gets steeper and agrees with the case of WV (eq. 12) if we use only those with P > 1.5 d. Since the difference is in any case only of marginal significance, we have chosen to ignore it. Then, adopting the cluster slopes we obtain the following relations for the combined BL and WV set: 
Ks,4 = −2.410(±0.05)(log P − 1.2) + 14.617(±0.015),
where the uncertainties in the slopes are those given by M06. Solutions have also been made using the LMC JHKs data uncorrected for phase. In the case of the WV stars the scatters (σ) about equations analogous to (10), (11), and (12) are 0.26, 0.23, and 0.24 mag, respectively. This may be compared with the figures for the phase-corrected data; 0.18, 0.16, and 0.17 mag. Thus a significant improvement is found using the phase-corrected data and the scatter becomes comparable with that found by M06 for CephII in globular clusters (0.16, 0.15, and 0.14) even though the LMC results depend on a single observation per star and no allowance is made for possible differential reddening. A similar test in the case of the BL stars shows little decrease in the scatter when the phasecorrected rather than uncorrected data are used. This is probably due to the poorer quality of the photometry for these fainter stars as already noted. 18.41 K s,1 (7)- (9) 18.44 
PL CALIBRATION AND APPLICATIONS
The LMC
The various PL relations discussed above can be calibrated using the two Galactic BL stars with pulsation parallaxes V553 Cen (log P = 0.314) and SW Tau (log P = 0.200) (see F08). The intrinsic colours of these stars are (V − I)0 = 0.70 and 0.36. This corresponds to 0.80 and 0.46 if we redden them by an amount expected in the LMC, where we adopt as a typical mean reddening, EB−V = 0.074 (see Caldwell & Coulson 1985) . Thus these two star span almost the whole range suggested above for the width of the BL instability strip. Using the data of tables 4 and 5 of F08, we can calibrate the zero-points of the various PL relations and hence estimate the modulus of the LMC (µLMC). In doing this the JHK data of F08 were converted from the SAAO system into that of the IRSF using the transformations from SAAO to 2MASS (Carpenter 2001 and web site updates) and those from 2MASS to IRSF using the relations of Kato et al (2007) . We obtain µLMC estimates between 18.41 and 18.51 based on different PL relations obtained above as listed in Table 3 .
The uncertainties to be associated with these values are of interest. The uncertainties estimated for the distance moduli of V553 Cen and SW Tau are each 0.08 (F08). This thus contributes 0.06 to the uncertainties in the above mean results. In fact the W zero-points derived from the two stars differ by 0.2 mag, i.e. an uncertainty in the mean of 0.10. On the other hand the two stars give mean zero-points for the JHKs relations with formal uncertainties of only ∼ 0.04 mag. These figures of course have their own, considerable, uncertainty. However, remembering the range in intrinsic (V − I) of the two stars, they suggest very narrow JHKs PL relations. The scatter quoted above for the infrared PL relations must be largely due to observational effects, especially in the case of the BL star.
Taken together these results suggest µLMC of 18.46 mag. They also suggest an uncertainty of less than 0.10 mag but to be reasonably conservative we adopt this as the standard error. No account is taken in this of any possible metallicity effects. These values agree well with those derived from classical Cepheids with trigonometrical parallaxes by van Leeuwen et al. (2007) and Benedict et al. (2007) . These authors found 18.52 ± 0.03 from a PL(W ) relation and 18.47 ± 0.03 from a PL(Ks) relation again without metallicity corrections. In the case of the PL(W ) relation this gave a modulus of 18.39 ± 0.05 when a recent metallicity correction (Macri et al. 2006 ) was applied, though this correction has been questioned ). These results suggest that any metallicity correction to the PL(W ) result for CephIIs will be small. M06 found no evidence for a metallicity correction to the JHKs PL relations based on globular clusters. Current theoretical work (Bono, Caputo, & Santolamazza, 1997; Di Criscienzo et al. 2007) suggests that the evolutionary and pulsational properties of CephIIs are only minimally affected by metallicity.
The distance to the Galactic centre
The distance to the Galactic centre (R0) based on the CephIIs in the Galactic bulge was discussed in F08 on the basis of the parallaxes of V553 Cen and SW Tau and the K-band observations of Groenewegen, Udalski & Bono (2008) . A value of R0 = 7.64±0.21 kpc was obtained. The quoted standard error does not take into account any systematic error in the corrections for reddening adopted by Groenewegen et al. (2008) . These corrections are substantial, ranging from 0.16 to 0.69 mag at K, and this may be a significant uncertainty in the method. It is possible in principle to use reddeningfree relations. Groenewegen et al. illustrated this using the colour, (I − K). However, in view of the high reddening of the stars used, the result is very sensitive to the coefficient used in the reddeningfree relation (equivalent to R in section 3.1). Infrared colours (e.g. J − K or H − K) may be more successful when the relevant data are available.
NGC 6441
NGC 6441 is an outstanding example of a 'second-parameter' globular cluster. It is of relatively high metal ([Fe/H]= −0.53) but has an extended horizontal branch and RR Lyrae variables. The RR Lyraes seem to be evolved and brighter than expected for their metallicity (Pritzl et al. 2003, hereafter P03) . The cluster also contains CephII for which P03 give V I photometry. The reddening is large, EB−V = 0.51 according to P03, and possibly uncertain. This is therefore a useful cluster to study with a reddeningfree parameter. A solution of the data for the seven CephIIs, taking
The slope is not significantly different from that found for the LMC CephIIs. Calibrating this relation using the data on V553 Cen and SW Tau leads to a cluster modulus of 15.46±0.11 mag. This is very close to the value (15.48) adopted by P03 on the assumptions that the RR Lyraes in this metal-rich cluster have absolute magnitudes similar to those with [Fe/H] ∼ −2.0 and that EB−V = 0.51. Note however that the visual absolute magnitudes of the RR Lyraes depend critically on the reddening adopted. M06 list mean JHKs values for two CephIIs in NGC 6441. However one of these (V129) may be affected by blending (see section 5.1) and we omit this star. The data on the other star (V6) can be used together with the PL relations in M06 and the data on V553 Cen and SW Tau to obtain another estimate of the modulus. Adopting the same reddening as above we obtain a modulus of 15.49±0.05 consistent with the value just given from PL(W ). This infrared modulus also depends on the adopted reddening. However this cannot be made much smaller if the intrinsic colours of the NGC 6441 CephIIs, (V − I)0, are similar to those of the LMC CephIIs.
κ Pavonis
κ Pav (log P = 0.959) has long been thought of as probably the nearest CephII and hence a prime candidate for fixing the distance scale for these objects. However, the results given in F08 were puzzling. An apparently good pulsation parallax with a small error was derived leading to a distance modulus of 6.55 ± 0.07. The revised Hipparcos parallax led to a modulus of 5.93 ± 0.26; a 2σ difference from the pulsation parallax. It was recognized in F08 that the pulsation parallax implied that the star was brighter than expected for a CephII. If we adopt a LMC modulus of 18.5, the star is 0.40 mag brighter than the LMC PL(W ) relation at its period, 0.52 mag brighter than the PL(J) relation and 0.43 mag brighter than the PL(Ks) relation. If the LMC is closer than 18.5 mag, as suggested above, these differences will be increased.
Comparison of the data for κ Pav (table 5 of F08) with fig. 1 of S08 shows that in V and I as well as W the star lies above the normal CephII stars and in the region of the pW stars which was identified by S08. Further evidence that κ Pav belongs to the pW class is given by its colour. Its intrinsic colour is (V − I)0 = 0.66, hence (V − I) = 0.76 if the star is reddened by an amount comparable with the LMC stars. Comparison with the data of S08 (e.g. their fig. 2 ) shows that these colours are bluer than normal CephIIs of this period (WV stars) and fall in the region occupied by the pW stars.
There are two further indications that κ Pav belongs to the pW class. The revised Hipparcos data discussed in F08 indicate that the star probably had a close companion. This is consistent with the fact that S08 find a high proportion, and probably all, pW variables are binaries. Finally, S08 pick out pW stars based on their light curves, the rising branch being steeper than the declining one. Comparison of the light curve of κ Pav = HIP 093015 (ESA 1997, Vol 12) with the examples in S08 fig. 5 strongly suggests that it should be classed with the pW variables.
THE INFRARED COLOURS OF TYPE II CEPHEIDS
In this section we discuss and compare the infrared colours of CephIIs in the LMC and those in globular clusters (section 5.1 for BL and WV, and 5.2 for RV). This section is essentially descriptive and further data are required (for instance on the metallicities of the LMC stars) before detailed interpretation of the phenomena noted can be made. Fig. 3 presents the colour-magnitude in the panel (a) and colour-colour diagrams in the panels (b), (c), and (d) for BL, WV+pW, and RV variables, respectively. Symbols are as in Fig. 2 , and the uncertainties in colour are indicated by error bars if they exceed the size of the symbols. We also plot CephIIs in globular clusters (M06) in the colour-colour diagram using grey star symbols, and Galactic RV stars from Lloyd Evans (1985) in the panel (d) with triangles. The magnitudes of the latter sample were converted from the SAAO system to that of the IRSF as described in section 4.1. No reddening corrections were applied to the LMC objects and the Galactic ones, while, for the cluster variables, the dereddened colours have been adjusted for the mean LMC reddening (EB−V = 0.074 mag assumed as in section 4.1), The curve in the two-colour plots is the location of normal giants (G0III-K5III) from Bessell & Brett (1988) whose colours are also transformed into the IRSF/SIRIUS system after adding LMC reddening.
The infrared colour/log P relations are plotted in Fig 4. Symbols are the same as in Fig. 3 but the Galactic RVs are not included.
As in the colour-colour plots, the dereddened magnitudes of the globular-cluster objects have been reddened by an amount corresponding to the adopted LMC reddening, so that the two samples are directly comparable. Discussions on these diagrams are given below.
BL Her and W Vir variables
Fig 3 shows that in the colour-colour plots the cluster stars are systematically bluer in H −Ks than the local field stars (the thick line). This can be explained, at least in a qualitative sense, by metallicity difference; the locus by Bessell & Brett (1988) is based on local giants probably of the solar abundance, while the cluster stars are metal-poor. If we consider giants with different metallicities but with the same surface temperature (in a range of 4000-5500 K), a metal-poor giant is expected to be bluer than a giant with the solar abundance in H − Ks but has almost the same colour in J − H (Westera et al. 2002) .
In the case of the BL variables the photometric uncertainties are rather large for the LMC objects, especially in Ks, and it is difficult to discuss the distribution of colours. On the other hand, most of the WV stars in the LMC form a relatively dense grouping in the panel (c) of Fig. 3 , and many of the globular-cluster stars lie in the same region. There is a conspicuous 'line' of cluster variables to the upper left of the main grouping. We have not found any strong differences between these stars and other cluster WV stars. Two cluster variables are on the extreme left of the Fig. 3 (c) . One of these stars is the variable in the cluster Terzan 1. The reddening of this cluster is high (M06 used EB−V = 2.28) and probably rather uncertain and this makes its true position in Fig. 3 (c) uncertain. The other star is V129 in NGC 6441. This star lies in a rather crowded region of the cluster and the colours may be affected by blending.
In Fig. 5 , we plot period histograms for CephIIs in the LMC (top) and globular clusters (bottom). In the LMC histogram the pW stars are omitted. The hatched areas indicate the period distribution of the objects whose near-infrared magnitudes are discussed in this study. Several known CephIIs in globular clusters, which were not observed by M06 are collected from the catalogue in Pritzl et al. (2003) and added as the white area in the lower panel. A significant number of short-period BLs were not included in M06 because of their faintness. The previous surveys of variables with period longer than 1 d are not complete for globular clusters. Fig. 5 shows a minimum in both the LMC and cluster distributions near 4 d. This is qualitatively consistent with the division between the BL and WV stars as summarized in section 1. However there are clear differences between the two distributions at longer periods. In the range 0.6 < log P < 1.0, there is an excess of variables in the LMC compared with the clusters. The period distribution of the Galactic field WVs discussed by Wallerstein & Cox (1984) seems similar to that of the LMC field. However, a caution is required in this comparison since various selection biases will affect the Galactic field sample including the fact that it presumably includes Galactic field pW stars such as κ Pav. In the LMC the pW stars are most frequent in the range 0.6 < log P < 1.0. It is notable that a relatively sharp peak at log P ∼ 1.2 exists in both panels of Fig. 5 . Whilst the deficiency of globular variables in the range 0.6 < log P < 1.0 is in broad qualitative agreement with Gingold's models, the excess of variables in this period range in the LMC field (and probably also the Galactic field) is not so easily understood (see Gingold 1985 , especially section 9). However the referee has pointed out to us that the position of the loops found by Gingold are not supported by modern models (e.g. Pietrinfenri et al. 2006) . A closer comparison with theory is clearly desirable but outside the scope of this paper. The gap seen in the top panel of Fig. 5 at 20 d, separating the LMC WV and RV stars is not present in the cluster sample. This will be discussed in section 5.2.
In Fig. 4 , WVs in the LMC and globular-cluster groups have about the same colours at a given period. In the case of the clusters, however, there is a curious tendency in the range 1.0 < log P < 1.3 for (J − H) and (J − Ks) to become bluer with increasing period. This amounts to a change in J −H from ∼ 0.45 at log P = 1.10 to ∼ 0.35 at log P = 1.25. Those relatively red objects at around log P = 1.1 belong to the outstanding 'line' mentioned above. Whether this feature, which is not shared by the LMC stars, is significant, and if so what it implies, remains to be investigated.
RV Tauri variables
The classical definition of an RV star is the alternating depth of their minima. However the distinction between them and the longerperiod WV stars is not very clear. S08 adopt a division at a period (single cycle) of 20 d. The RVs are a heterogeneous group as has long been realized (Preston et al. 1963 ) and at least some are binaries. It is clear from the LMC period-magnitude diagrams (Fig. 2,  and fig. 1 of S08 ) that any PL relation has a considerable scatter though they continue the general increase of brightness with increasing period shown by the shorter-period CephIIs. In the case of the JHKs data the plots use instantaneous magnitudes for most of the stars, since phase correction is difficult for these stars; their periods and light curves tending in many cases to be rather unstable.
It is particularly notable that the RVs as defined by S08 do not lie on a linear extension of the PL relations defined by shorterperiod CephIIs (JHKs and W PL relations). These LMC RVs all have log P in the range 1.3 to 1.8. As can be seen from fig. 3 of M06 CephIIs in globular clusters in this period range are co-linear with the shorter-period stars in JHKs PL diagrams.
Further evidence for differences between the RVs in clusters and those in the LMC is found in the period-colour relation (Fig. 4) . At the shorter periods among the RVs, log P ≤ 1.5, the cluster and LMC stars tend to lie together. They remain together for log P > 1.5 in the case of the H − Ks colours except for the LMC objects with Ks-band excess, see below, but the situation is different in J − Ks and J − H. The cluster RVs are redder in J − H, while they tend to occupy a region between the bluer LMC stars and those with an infrared excess in the case of J − Ks.
The LMC RVs with the excesses include the three brightest stars at Ks (32, 67, 174) . They are also the three reddest stars in Fig. 3 , and stand out clearly in the log P -Ks diagram (Fig. 2) . The next two stars which are reddest in J − Ks (both with mild infrared excesses) are numbers 91 and 180. Welch (1987) already noted numbers 67 (HV 915) and 91 (HV 2444) as having infrared excesses. No. 119 (HV 5829) which has a comparable excess to these two stars in Welch's work has the next reddest H − Ks in the IRSF data to the five stars just mentioned.
In the colour-colour diagram (Fig. 3d) , the LMC stars with significant Ks excesses lie at (H − Ks) ∼ 0.6. Most of the others lie relatively close to the intrinsic line, though some may have a very mild excess at Ks. Galactic RV stars from Lloyd Evans (1985) , triangles in Fig. 3 , show a rather dispersed distribution; their J − H colours range from 0.1 to 0.7 mag. No reddening correction was applied to their colours, and some of the stars may be affected significantly. However, this is not likely to change the overall impression left by the plot. Whilst there may be some overlap between the three populations (clusters, the LMC, and the Galaxy), in general they form distinctly different groupings. Their differences have been also noted by Russell (1998) , Zsoldos (1998) , and M06.
It should be realized that in contrast to the LMC and globularcluster samples we do not know the absolute magnitudes of the Galactic sample; or indeed, whether they all are in the same evolutionary phase. So far as the cluster RVs are concerned, we examined the locations of those with periods greater than 40 d, that is the most luminous stars of the samples, in Ks-(J − Ks) diagrams (Matsunaga 2007) . They all lie well down the giant branch except possibly for NGC 1904 V8 which is near the top. Thus these longerperiod stars in clusters might well be on loops from the AGB like the, shorter-period, WV stars. The histograms of Fig. 5 would be consistent with the view that for P > 20 d the cluster variables are simply the long-period tail of the distribution of WVs whereas in the LMC there is a distinct population at these periods.
Low-resolution spectra covering the range ∼ 3800 to 7800Å of all 36 of the OGLE-III RV stars were obtained in the period 2009 January 16-20, except for numbers 32, 58, and 162. The observations were made with the Cassegrain spectrograph on the 1.9-m reflector at SAAO, Sutherland. No. 15 had strong C2 bands and is the only one of the sample to show C2. Lloyd Evans & Pollard (2004) examined a sample of LMC RV stars, including those discovered in the MACHO survey and found this star (Macho 47.2496.8) to be the only one in their sample with C2 bands (see also Pollard & Lloyd Evans 2000) . However, this star is not particularly outstanding in any of Fig. 3 and 4 . Note that there must be some overlap between the two samples although Lloyd Evans & Pollard (2004) do not list the stars they studied. Our spectra show the presence of TiO in numbers 45, 75, 104, 125, 135, 149, 169 and also probably in 25, 51, 112. Since the TiO bands are known to vary in strength with phase, it may well be present in other stars of the sample at other times. Lloyd Evans & Pollard (2004) previously noted weak TiO in 169 = HV 12631. The most sensitive indicator of the presence of TiO in our spectra is the α system sequence beginning near 6159Å.
CONCLUSIONS
We obtained PL relations in phase-corrected JHKs magnitudes for the combined set of BL and WV stars in the LMC. They have slopes consistent with those found previously (M06) in globular clusters. For the WV stars, the scatter about the PL relations is significantly reduced using the phase-corrected data. The longerperiod variables (RVs) show a significant scatter in the infrared and reddening-free (V I) PL relations and as a group they are not colinear with the shorter-period stars. This contrasts with the situation for CephIIs in globular clusters. It remains to be determined whether those RV stars which do lie near an extrapolation of the PLs from the shorter-period can be distinguished from the others in some way, e.g. from radial velocity or spectral features. Differences in infrared period-colour, colour-colour and period-frequency diagrams are found for the WV stars in the LMC and in Galactic globular clusters. In the case of CephII stars with P > 20 d (RV stars) there are marked differences between the available samples of the LMC, Galactic globular cluster and the Galactic field and little evidence that the cluster stars are post-AGB objects. A new class of CephIIs (pW) was identified by S08, and we suggest that the bright Galactic star κ Pav belongs in this class. Such stars have not, so far, been identified in globular clusters and may thus be younger objects.
When the PL relations are calibrated using the pulsation parallaxes of V553 Cen and SW Tau we find a distance modulus for the LMC of 18.46 ± 0.10 mag without any metallicity correction, consistent with other recent determinations. Applying our calibration to the CephII stars in the second-parameter globular cluster NGC 6441 leads to a modulus of 15.46 ± 0.11 mag which confirms the view that the RR Lyraes in this cluster are overluminous for their metallicity.
ONLINE MATERIAL
What follows is the full version of Table 2 . The presented data will be available in the online version of MNRAS. Table 4 . A catalogue of the S08 sources with IRSF counterparts (the full version of Table 2 ). Modified Julian Dates (MJD), pulsation phase of the observations, JHKs magnitudes, and their errors are listed for each IRSF measurement as well as the OGLE-IDs, types, and periods. Shifts for the phase corrections obtained from the I-band light curves are also listed if available. Nine S08 sources are absent because their IRSF counterparts were not found, and 15 S08 sources are listed twice because they are identified with two counterparts from neighbouring fields of the IRSF survey. 
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